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a b s t r a c t
In chordates, early separation of cell fate domains occurs prior to the ﬁnal speciﬁcation of ectoderm to
neural and non-neural as well as mesoderm to dorsal and ventral during development. Maintaining such
division with the establishment of an exact border between the domains is required for the formation of
highly differentiated structures such as neural tube and notochord. We hypothesized that the key
condition for efﬁcient cell fate separation in a chordate embryo is the presence of a positive feedback
loop for Bmp signaling within the gene regulatory network (GRN), underlying early axial patterning.
Here, we therefore investigated the role of Bmp signaling in axial cell fate determination in amphioxus,
the basal chordate possessing a centralized nervous system. Pharmacological inhibition of Bmp signaling
induces dorsalization of amphioxus embryos and expansion of neural plate markers, which is consistent
with an ancestral role of Bmp signaling in chordate axial patterning and neural plate formation.
Furthermore, we provided evidence for the presence of the positive feedback loop within the Bmp
signaling network of amphioxus. Using mRNA microinjections we found that, in contrast to vertebrate
Vent genes, which promote the expression of Bmp4, amphioxus Vent1 is likely not responsible for
activation of cephalochordate ortholog Bmp2/4. Cis-regulatory analysis of amphioxus Bmp2/4, Admp and
Chordin promoters in medaka embryos revealed remarkable conservation of the gene regulatory
information between vertebrates and basal chordates. Our data suggest that emergence of a positive
feedback loop within the Bmp signaling network may represent a key molecular event in the
evolutionary history of the chordate cell fate determination.
& 2013 Elsevier Inc. All rights reserved.
Introduction
The early separation of cell fate domains precedes the ﬁnal
decision of ectoderm to become neural and non-neural as well as
mesoderm to become dorsal and ventral during chordate devel-
opment. The subdivision of the ectoderm into neural and epi-
dermal is also present in early embryos of Ecdysozoa and
Lophotrochozoa that together with vertebrates belong to bilater-
ians possessing a centralized nervous system. Recent molecular
data support the hypothesis of 19th century naturalist Geoffroy
Saint-Hilaire, who suggested that dorsal vertebrate and ventral
invertebrate central nervous systems are homologous (Arendt
and Nubler-Jung, 1994; Denes et al., 2007). In Drosophila, the
homolog of Bmp4 decapentaplegic (dpp) gene is required for
patterning the dorsal non-neural ectoderm and the homolog of
Chordin short gastrulation (sog) gene plays a crucial role in
ventral neural cell fate speciﬁcation (Biehs et al., 1996; Mizutani
et al., 2006). Similarly to vertebrate homologs, Sog functions as a
diffusible morphogen, which interacts with the Dpp signaling
molecule, preventing it from binding to the receptors and from
inducing strong Dpp/Bmp signaling. A high level of Bmp signaling
is required to activate epidermal and repress neural genes in the
ectoderm (Biehs et al., 1996; von Ohlen and Doe, 2000).
One of the key conditions for inducing a high level of Bmp
signaling is the ability to activate the expression of Dpp with the
Dpp signaling itself (Biehs et al., 1996). Lower Bmp levels can
diffuse into neural ectoderm and contribute to subdivision of the
neural domains (Ashe et al., 2000; Mizutani and Bier, 2008;
Mizutani et al., 2006). As in vertebrates and Drosophila, in early
Platynereis embryo Bmp2/4 is devoid to be expressed
from ventral neuroectoderm and neural patterning genes are
sensitive to Bmp signaling (Denes et al., 2007). Although Bmp–
Chordin network was shown to be present in hemichordates, it is
not used to segregate epidermal and neural ectoderm (Lowe
et al., 2006).
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In Xenopus and zebraﬁsh, the molecular mechanisms of cell fate
domain separation in the ectoderm resemble those described in
Drosophila. Together with Bmps, members of the Vent gene family
are key ventralizing factors in early Xenopus and zebraﬁsh embryo
(Dale et al., 1992; Henningfeld et al., 2000; Hoppler and Moon,
1998; Imai et al., 2001; Nguyen et al., 1998; Onichtchouk et al.,
1996, 1998). It was shown that the expression of zebraﬁsh Vent
and Vox genes is initiated at mid-blastula stages by maternal gene
Runx2 (Flores et al., 2008). The available data further suggest the
existence of a Bmp4-positive feedback loop in Xenopus (Kim et al.,
1998; Metz et al., 1998) and Bmp2/Bmp7 positive feedback loop in
zebraﬁsh (Kishimoto et al., 1997; Nguyen et al., 1998; Schmid et al.,
2000). Additionally, Xvent-2, which is a homolog of zebraﬁsh Vox,
was shown to directly up-regulate the Bmp4 gene, thus playing an
important role in the Bmp positive feedback loop (Schuler-Metz
et al., 2000).
Recently, the Bmp–Chordin network was extensively studied in
sea anemone Nematostella possessing a diffuse nervous system
(Matus et al., 2006; Rentzsch et al., 2006; Saina et al., 2009).
Interestingly, gain-of-function and loss-of-function experiments
suggest inhibition of the expression of Dpp and Bmp5/8 as well as
Chordin genes by Dpp in Nematostella. On the other side, Chordin
of Nematostella prevents Bmp-like molecules from binding to its
receptor, and, thus, activates the expression of Dpp through the
double negative loop (Saina et al., 2009). To investigate the
evolution of Bmp signaling pathway function during embryogen-
esis at the invertebrate-to-vertebrate transition, we therefore
performed a study of the embryonic role of this pathway in
amphioxus. Amphioxus is an amenable model organism to address
questions regarding evolution of early development because of its
basal position in the chordate tree. Moreover, amphioxus genomic,
morphological, and developmental characteristics are probably
highly similar to those of the chordate ancestor (Bertrand and
Escriva, 2011). In amphioxus, the expression of the genes playing a
key role in the dorsoventral patterning was shown to be conserved
with the expression patterns of the homologous genes in Xenopus
and zebraﬁsh embryos (Yu et al., 2007). In particular, Bmp2/4 and
Bmp5/8 are expressed in a mutually exclusive manner with
Chordin in amphioxus (Yu et al., 2007). Using mammalian cell
cultures we have recently shown in in vitro studies that the Bmp–
Chordin gene regulatory network is conserved in amphioxus and
that it was likely present in a common ancestor of all chordates
(Kozmikova et al., 2011). Although gain-of-function experiments
suggested the role of Bmp signaling in dorsoventral patterning of
amphioxus (J.K. Yu et al., 2008; Yu et al., 2007), loss-of-function
experiments have not yet been performed. The goal of this study
was to ﬁnd out whether Bmp signaling is required for axial
patterning and for cell fate determination in the amphioxus
embryo. In particular, we wanted to investigate whether the
Bmp positive feedback loop is present in amphioxus similarly as
in the case of vertebrates, where it is directly connected to early
separation of cell fates leading to the development of a centralized
nervous system and chorda.
Materials and methods
Amphioxus collection and embryo manipulation
Adults of Florida amphioxus (Branchiostoma ﬂoridae) were
collected from Old Tampa Bay, Florida, during the summer breeding
season. Adults were induced to spawn by electrostimulation as
described (Yu and Holland, 2009a). Embryos were raised in the
laboratory on site. All pharmacological treatments were performed
on B. ﬂoridae unless stated otherwise. The embryos at early gastrula
or early blastula stage were treated with Bmp inhibitor
dorsomorphin (10 or 20 mM; Calbiochem), Bmp inhibitor LDN-
193189 (3 mM, Axon Medchem), activin inhibitor SB505124
(30 mM; Sigma) or with 250 ng/ml of human recombinant BMP2
(R@D). Control embryos were administered to 10 or 20 mM of DMSO
(Dimethyl Sulfoxide; Sigma). The control and treated embryos were
ﬁxed at larva stage for the analysis of the phenotypes and at early
hatching neurula or late neurula stage for in-situ hybridization. The
measuring of the length of the larva head region (the region
anterior to pigment spot) or trunk (the region posterior to pigment
spot) was done with Lucia image program. Statistical signiﬁcance
was determined using Student t-test in Microsoft Excel. Microinjec-
tion of eggs with mRNA was performed using European amphioxus
(Branchiostoma lanceolatum). Adults of B. lanceolatum were col-
lected in Banyuls-sur-mer, France, during the summer breeding
season. The spawning of European amphioxus male and females
was induced by shifting of the temperature as described (Fuentes
et al., 2007).
RNA puriﬁcation and real-time quantitative RT-PCR (qRT-PCR)
Developing embryos of B. ﬂoridae were collected into RNA later
(Ambion). Embryos were treated with DMSO (control) or 20 μM
dorsomorphin at blastula stage and allowed to develop until early
neurula stage. Total RNA was extracted from approximately 250
embryos per experimental condition.
Standard procedures were used for RNA puriﬁcation and
reverse transcription. Brieﬂy, total RNAs were isolated from
embryos using the Trizol reagent (Invitrogen); contaminating
genomic DNA was eliminated by DNAse I digestion and RNA was
repuriﬁed using RNeasy Micro kit (Qiagen). Random-primed cDNA
was prepared in a 20 ml reaction from 100 ng of total RNA using
SuperScript VILO cDNA Synthesis kit (Invitrogen). cDNAs were
produced from at least two independent RNA isolations and the
PCR reactions were performed in triplicate for each primer set.
Control reactions (containing corresponding aliquots from cDNA
synthesis reactions that were performed without reverse tran-
scriptase; minus RT controls) were run in parallel. PCR reactions
were run using the LightCycler 480 Real-Time PCR System (Roche).
Typically, a 10 ml reaction mixture contained 5 ml of LightCycler
480 SYBR Green I Master mix (Roche), 1 ml of primers (ﬁnal
concentration 0.5 mM) and cDNA diluted in 4 ml of deionized water.
Crossing-threshold (CT) values were calculated by LightCyclers
480 Software (Roche) using the second-derivative maximum
algorithm. The speciﬁcity of each PCR product was analyzed using
the in-built melting curve analysis tool for each DNA product
identiﬁed; additionally, PCR products were veriﬁed by sequencing.
All primers were calculated using Primer 3 computer services at
http://frodo.wi.mit.edu/. The housekeeping gene encoding riboso-
mal protein L32, AmphiRPL32, was used as internal control gene to
standardize the quality of different cDNA preparations. The follow-
ing genes were detected: Vent1, Vent2, Bmp2/4, Bra, Hex, and
SoxB1a (see Supplementary Table 1 for sequences of primers used).
Whole-mount in situ hybridization in amphioxus embryos
Whole-mount in situ hybridization with digoxigenin-labeled
RNA probes was done as described (Yu and Holland, 2009b). RNA
probes were synthesized in vitro with T7/Sp6 RNA polymerase
(Roche) using plasmid DNA that encoded the following amphioxus
genes: Vent1, Vent2, Bmp2/4, Admp, Goosecoid, Chordin, Evx,
Brachyury, Hex, Runx, Brn1/2/4, SoxB1a, SoxB1c. Plasmids were
either previously described (Candiani et al., 2002; Kozmik et al.,
2001; Meulemans and Bronner-Fraser, 2007; Yu et al., 2007) or
were generated by cloning the corresponding cDNA from
amphioxus cDNA library into pCR-BluntII-TOPO (Invitrogen) using
primers summarized in Supplementary Table 1. To improve the
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ISH protocol, after proteinase K and glycine treatments, embryos
were transferred in special nests (millicell-PCF 12 μm, Millipore)
and positioned in a 24-well plate for all subsequent steps. For color
reaction the samples were transferred in a four-well plate. Color
was developed by incubation in BM purple (Roche). For every
treatment 12–15 embryos per gene were analyzed by in situ
hybridization. Labeled whole mount embryos were photographed
using an Olympus IX71 microscope.
Whole-mount in situ hybridization of medaka embryos
Medaka embryos of the Cab inbred strain were used for all
experiments. Embryonic stages were determined according to
Iwamatsu (2004). Embryos were ﬁxed overnight in 4% PFA/PTW
(PBS/Tween) at 4 1C and subsequently dechorionated manually.
Whole-mount in situ hybridizations were performed at 65 1C using
DIG-labeled RNA probes. The color reaction was carried out with
NBT/BCIP, followed by re-ﬁxation in 4% PFA/PTW. Embryos were
cleared in 100% MeOH, rehydrated in PTW and mounted in 87%
glycerol through a graded series of glycerol/PTW. The following
probes were used: OlBmp4, OlChordin and OlAdmp (see Supple-
mentary Table 1 for sequences of primers used to generate the
corresponding plasmid).
Microinjection of mRNA into amphioxus and medaka eggs
RNA for injection was prepared using the mMessage mMachine
kit (Ambion). The coding regions of medaka OlVent, amphioxus
Vent1 (from B. ﬂoridae) and mCherry were subcloned into the
pCS2+ expression vector to produce the plasmids pCS-OlVent,
pCS-AmphiVent1 and pCS-mCherry, respectively. Microinjection of
amphioxus eggs was generally done as described in Onai et al.
(2010) with some modiﬁcations. For microinjection of amphioxus,
a solution of 15% glycerol, 0.5% of Phenol Red (Sigma) plus 30 ng/μl
of mRNA was used. For microinjection of medaka, a solution of
1xERM, 0.5% of Phenol Red and 20 ng/μl of mRNA were applied.
Injection needles were pulled with a vertical pipette puller and
back-ﬁlled with mRNA. In the case of amphioxus, the tips were
broken slightly by touching the end of the needle with a pair of
forceps. For medaka microinjection, the tips were broken by
scratching the needle against the membrane of the embryo.
A FemtoJet (Eppendorf) was used for pressure injection of RNA.
Pressure was adjusted so that a bolus of RNA of about 2 nl volume
was injected into one-cell stage medaka or 0.5 nl into amphioxus
unfertilized eggs. Calibration was done with the Stage Micrometer.
Injected embryos were ﬁxed at the appropriate stage.
I-SceI-mediated transgenesis in medaka ﬁsh
I-SceImeganuclease transgenesis in medaka ﬁsh was performed as
previously described (Rembold et al., 2006). Fertilized eggs of inbred
Cab strain were collected immediately after spawning and were
placed into cold (4 1C) 1 Yamamoto's embryo rearing medium.
Reporter genes designated AmphiChordin-GFP, AmphiAdmp-Cherry,
AmphiBmp2/4-Long-Cherry and AmphiBmp2/4-Short-Cherry were
generated by subcloning the putative 5' regulatory sequences of B.
ﬂoridae genes into I-SceI transgenic vector (see Supplementary Table 1
for sequences of primers used to generate each plasmid). One-cell
stage medaka embryos were injected with the solution containing
I-SceI-based reporter gene plasmid and 0.25 U/μl I-SceI meganuclease
in 0.5 I-SceI buffer (New England Biolabs, USA)/0.5 Yamamoto's
embryo rearing medium. Final concentration of the injected plasmid
was 10 ng/μl. The expression of the transgene was detected as early as
at early gastrula stage (stage 13) in the case of AmphiChordin-GFP and
at mid-gastrula stage (stage 16) in the case of AmphiAdmp-Cherry,
AmphiBmp2/4-Long-Cherry, AmphiBmp2/4-Short-Cherry. The
injecting setup was as follows: pressure injector Femtojet (Eppen-
dorf); micromanipulator TransferMan NK (Eppendorf); borosilicate
glass capillaries (GC100F10, Harward Apparatus); stereomicro-
scopes (Olympus SZX7, SZX9).
Immunohistochemistry
All incubation steps were carried out at room temperature.
Specimens were transferred to 1 PBS, 0.1% (vol/vol) Tween 20
(PBT) through 50% (vol/vol) and 25% (vol/vol) methanol in PBS.
Specimens were washed three times (20 min each washing) in PBT,
blocked in block solution [10% (wt/wt) BSA in PBS] for 1 h, and
incubated with the antibody for Smad1/5 [pS463/pS465] (Catalog
no. 700047, Invitrogen) in dilution 1:100 overnight at 4 1C. On the
next day, specimens were washed three or four times in PBT
(20 min each washing) and were incubated with secondary anti-
bodies for 2 h. Secondary antibodies were washed away with three
washings in PBT (20 min each washing). Nuclear counterstaining
was carried out by incubation with 1 μg/ml DAPI in PBS and
washing three times (5 min each washing). For ﬂuorescence/con-
focal microscopy, the specimens were mounted in VECTASHIELD
(Vector Laboratories, Inc.) using small coverslips as spacers between
the coverslip and the slide. The confocal images were taken using a
Leica SP5 confocal microscope and were deconvoluted and processed
with SVI Huygens Image Deconvolution Software.
Whole mount detection of apoptosis on amphioxus embryos using
TUNEL methodology
Detection of apoptotic DNA degradation was carried out with
the ApopTag in situ Apoptosis Detection kit (Millipore, USA) as it
was previously described in Bayascas et al. (2002).
Results
Bmp signaling activity during early embryogenesis of amphioxus
BMP activity gradients during development originate from com-
plex interactions between BMP signaling components and its speciﬁc
regulators. The mechanisms by which spatial regulation of BMP
activity is achieved are varied in different organisms. To monitor
the activity of Bmp signaling during early development of amphioxus,
we performed immunostaining with the antibody which detects
phosphorylated Smad1 or Smad5 (pSmad1/5). Bmp signaling induces
speciﬁc phosphorylation of Smad1, Smad5 and Smad8. Interestingly,
although a detectable level of mRNA expression of Bmp pathway
ligands Bmp2/4, Bmp5/8 or Admpwas ﬁrst observed only at the onset
of gastrulation in amphioxus embryo (Yu et al., 2007), we were able
to detect pSmad1/5 already at two-cell stage (Fig. 1A–A″). At 32-cell
stage the activity of Bmp signaling was seen ubiquitously (Fig. 1B–B″).
A reduced signal was visible in some cells of the vegetal pole at 64-
cell stage (Fig. 1C–C″, white arrows). At the late blastula stage we
observed unequal distribution of the Bmp signaling activity within
the embryo (Fig. 1D–D″). At mid-gastrula stage, the signal was absent
in one region of the ectoderm adjacent to blastopore (Fig. 1E–E″),
which is supposed to be the dorsal ectoderm, where the Bmp
antagonists such as Chordin started to be expressed in the amphioxus
gastrula embryo (Yu et al., 2007). It is interesting to note that although
Bmp2/4 and Bmp5/8 are expressed mainly in the endoderm of the
amphioxus mid-gastrula (Yu et al., 2007), pSmad1/5 is present in the
ectoderm as well (Fig. 1E–E″). During early hatching neurula stage, a
weak Bmp activity was observed in the most dorsal ectoderm and
endomesoderm of the embryo (Fig. 1F–F″). At early mid-neurula
stage, a strong pSmad1/5 signal was detected at the border regions of
neural plate and in the ventral and posterior endoderm (Fig. 1G–G″).
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Our observations indicate that although the Bmp activity is initiated
during gastrulation, pSmad1/5 has been detected from two-cell stage,
suggesting the presence of Bmp ligands and receptors in amphioxus
embryo before the onset of mid-blastula transition and gastrulation.
Inhibition of Bmp signaling induces the range phenotypes in
amphioxus
Gain-of-function experiments suggested the role of Bmp sig-
naling in the axial patterning of amphioxus (J.K. Yu et al., 2008; Yu
et al., 2007); however, the loss-of-function experiments have not
yet been performed. To interrogate the role of Bmp signaling in
early development of amphioxus, we treated the embryos at early
blastula or early gastrula stage with 10 mM or 20 mM doses of
dorsomorphin (DM). DM is a small molecule inhibitor of Bmp
signaling which selectively prevents phosphorylation of Bmp-
responsive Smad1/5/8 (P.B. Yu et al., 2008). To implement the
gain-of-function experiment, the activation of Bmp signaling, we
treated animals with puriﬁed recombinant human BMP2 protein.
The extent of severity varied depending on the dose and timing
(Fig. 2A–D, G). The embryos exposed to higher doses of DM
(20 mM) at early blastula stage showed the most severe phenotype
as compared to controls (compare Fig. 2A and C, D, G). While the
head looked normal, the trunk was shorter and the tail did not
elongate properly (Fig. 2G). In contrast, the treatment with BMP2
led to severe headless phenotypes (Fig. 2E and F), corroborating
previously published results (Yu et al., 2007). In the early
amphioxus larvae, which were treated with 20 mM of DM at early
blastula stage, we observed the upregulation of the axial meso-
derm marker Brachyury in the both posterior and anterior
domains (Supplementary Figs. S1A and S1B). The expression of
neural tube and anterior endoderm marker SoxB1c was expanded
laterally and posteriorly (Supplementary Figs. S1C and S1D). To
directly compare the effect of inhibition of Bmp signaling in
amphioxus and vertebrates, the embryos of teleost ﬁsh medaka
were treated with the same concentrations of DM at early blastula
stage. We observed a dorsalized phenotype, comparable to those
previously described for zebraﬁsh (P.B. Yu et al., 2008). Like in the
case of amphioxus, medaka embryos displayed defects of the tail
and a shorter trunk (Supplementary Figs. S1E and S1F).
Bmp signaling is required for the correct expression pattern of early
ventral and dorsal markers in amphioxus early neurula
High level of Bmp signaling activity was detected at early
hatching neurula stage (Fig. 3A–A″). To further investigate the
A A’ A”
C C’ C’’
D D’ D’’
Two-cell
64-cell
Late blastula
Mid-gastrula
Early mid-neurula
E E’ E”
F F”F’
P-smad Brightfield
P-smad
B B’ B’’
32-cell
G G’ G”
P-smad
P-smad
P-smad
P-smad
P-smad
Brightfield
Brightfield
Brightfield
Brightfield
Brightfield
Brightfield
DAPI
DAPI
DAPI
DAPI
DAPI
DAPI
DAPI
Early hatching neurula
Fig. 1. pSmad1/5 immunostaining reveals localized BMP activity during embryogenesis of amphioxus. (A–A′′) Two-cell stage. Z-stack of 32-cell (B–B′′), 64-cell (C–C′′), late
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effect of DM on amphioxus axial patterning we examined the
expression pattern of dorsal and ventral markers at early neurula
stage in the embryos treated with 20 mM of DM. First, we detected
decrease of the pSmad1/5 signal in the embryos treated with
20 mM of DM that demonstrated downregulation of Bmp signaling
in our experiments (Fig. 3B–B″). In contrast, treatment of the
embryos with BMP-2 led to the ubiquitous activity of Bmp
signaling (Fig. 3C–C″) as compared to controls (Fig. 3A–A″). Our
results showing effective manipulation of Bmp signaling pathway
in amphioxus embryos are consistent with recently published data
(Lu et al., 2012). Dorsal markers Chordin and Goosecoid were
conspicuously upregulated in DM treated embryos (Fig. 3D, D' and
E, E'). Chordin was expanded laterally and spread throughout the
embryo (Fig. 3D'). Goosecoid was partially expanded in dorsal
mesoderm and highly upregulated in anterior dorsal mesoderm
(Fig. 3E'). Conversely, exposure to BMP2 resulted in the elimina-
tion of Chordin mRNA expression in the whole embryo and
downregulation of Goosecoid (Fig. 3D'' and E''). Exposure to
20 mM DM also led to the decrease of Evx expression (Fig. 3F')
The treatment with BMP2 resulted in the upregulation of Evx
(Fig. 3F''), as compared to the control (Fig. 3F). We next examined
the expression of Vent1 and Vent2 genes that were shown to be
direct targets of Bmp signaling (Kozmikova et al., 2011) in control
and pharmacologically treated embryos. Vent1 and Vent2 genes in
amphioxus originated from lineage-speciﬁc duplication and show
83% nucleotide identity within their entire open reading frames.
Because of the high degree of sequence identity, previous studies
were not able to distinguish the expression pattern of the two
genes by whole-mount in situ hybridization with an RNA probe
derived from the coding region of Vent1 (Kozmik et al., 2001; Yu
et al., 2007). In order to distinguish the expression of Vent1 and
Vent2 we synthesized probes from their divergent 3' regions of
mRNA. Although the expression of amphioxus Vent genes overlaps
quite broadly in lateral domains of the embryo demarcating the
neural plate, the expression of Vent1 is stronger in the posterior
domain at early neurula stage (Fig. 3F and G). Vent1 as well as
Vent2 were downregulated and an altered spatial pattern of both
genes was detected in DM-treated embryos (Fig. 3G' and H';
Supplementary Fig. S2). Similarly to Evx (Fig. 3F'') BMP2 treatment
caused upregulation of expression of Vent1 and Vent2 genes
(Fig. 3G'' and H''). Since the data showing an important role of
Tbx2/3 in mediating Bmp signaling during early development of
sea urchin have recently been published (Lapraz et al., 2009), we
next decided to investigate the amphioxus Tbx2/3 expression in
embryos perturbed in Bmp signaling. The expression of amphioxus
Tbx2/3 at the early neurula stage is present in ventral posterior
endoderm, posterior ectoderm, and paraxial mesoderm and in the
posterior neural ectoderm (Fig. 3I). Both the inhibition and
the activation of Bmp signaling resulted in speciﬁc alterations in
the normal spatial expression pattern of amphioxus Tbx2/3. DM
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treatment led to the inhibition of Tbx2/3 expression mainly in the
neural ectoderm and paraxial mesoderm (Fig. 3I'). The activation
of Bmp signaling resulted in an essential alteration in the spatial
expression of amphioxus Tbx2/3 that was manifested by the
emergence of an ectopic anterior expression domain (Fig. 3I'').
These data suggest that, similarly as in the case of sea urchin, Bmp
signaling is required to maintain amphioxus Tbx2/3 expression
during early development. We further investigated whether the
expression of ventral anterior endoderm marker Hex was changed
in the embryos administered to 20 mM DM at early blastula
stage. Inhibition of Bmp signaling led to upregulation of the Hex
gene (compare Fig. 3J and J'; Supplementary Fig. S2). It appeared
that the ventral domain of Hex expression was enhanced more
than the anterior domain in DM-treated animals (Fig. 3J'). These
results suggest that negative regulation of Hex gene by Bmp
signaling that occurs during the gastrulation in Xenopus embryo
(Rankin et al., 2011) may take place in amphioxus as well. We
observed a broad expression of Hex genes in the anterior region of
BMP2-treated embryos (Fig. 3J''). The same expression pattern of
the Hex gene has recently been shown in the embryos injected
with mRNA of amphioxus Bmp2/4 (Onai et al., 2010). These data
suggest that ectopic activation of Bmp signaling might promote
differentiation of the anterior domain of the embryo into anterior
endoderm.
To verify the speciﬁcity of DM we treated the embryos at an
early blastula stage with another inhibitor of Bmp signaling path-
way LDN-193189. Control and treated embryos were analyzed at
early hatching neurula stage by whole mount in situ hybridization.
As in the case of the treatment with DM, we observed the
upregulation of amphioxus Chordin, Goosecoid and Hex genes
(Supplementary Figs. S3A', S3B' and S3E') as well as downregula-
tion of Vent1 and Evx (Supplementary Figs. S3C' and S3D') in the
embryos treated with LDN-193189 as compared to controls
(Supplementary Figs. S3A, S3B, S3E, S3C and S3D, respectively).
To check whether the cell death is not responsible for the changes
in the gene expression patterns in the embryos treated with 20 mM
of DM, we applied the terminal deoxynucleotidyl transferase (TdT)
mediated dUTP nick end-labeling (TUNEL) technique. The TUNEL-
positive cells were not detected in the embryos treated with
DMSO or DM (Supplementary Figs. S4A and S4B).
Finally, we investigated the role of Bmp signaling in the
regulation of amphioxus Eya, Six1/2, Six4/5, which are orthologues
of vertebrate preplacodal markers Eya, Six1 and Six4. The early
requirement of Bmp signaling for the expression of preplacodal
markers and the speciﬁcation of preplacodal domain within the
non-neural ectoderm in zebraﬁsh is well established (Kwon et al.,
2010). In contrast to vertebrate preplacodal markers, expressed in
the anterior non-neural ectoderm by late gastrulation, amphioxus
Six1/2, Six4/5 and Eya are expressed in the anterior endoderm
(Fig. 3K, L and M) (Kozmik et al., 2007). It was demonstrated that
Bmp signaling activity before gastrulation is required for the
expression of vertebrate Eya1 and Six4 (Kwon et al., 2010),
establishing preplacodal competence throughout the non-neural
ectoderm. In amphioxus, DM treatment led to signiﬁcant
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downregulation of Eya (Fig. 3K') and Six1/2 (Fig. 3L'), but not Six4/
5 (Fig. 3M'). This discrepancy of regulation of Six/Eya in amphioxus
and vertebrates may reﬂect a derived process in cephalochordates,
rather than a vertebrate invention. Combined, these data suggest
that Bmp signaling is required for correct cell fate speciﬁcation and
axial patterning in the amphioxus.
Bmp signaling is required for ventral and posterior cell fate
speciﬁcation at the late neurula of amphioxus
Although the treatment with 10 mM DM at early blastula stage
manifested in obvious phenotype of amphioxus two days-old larva
(Fig. 2), we did not observe signiﬁcant changes in the expression of
ventral and dorsal markers at early neurula stage in these embryos
(data not shown). Therefore we further investigated whether the
inhibition of Bmp signaling with low dose (10 mM of DM) affects
cell fate determination at the late neurula stage. Indeed, conspic-
uous alterations of the expression pattern of several genes were
observed in these embryos at the late neurula stage. It is interest-
ing that low-dose treatment (10 mM DM) resulted in a signiﬁcant
reduction of Bmp2/4 expression in the ventral and posterior
domains of the embryo at late neurula stage (compare Fig. 4A
and A'). Further, we observed that Vent1 expression was greatly
suppressed in ventral mesoderm and downregulated in anterior
endoderm (Fig. 4B and B'). Amphioxus Hex gene, which is
expressed in anterior and ventroposterior endoderm in the control
embryos (Fig. 4C), was lost in ventroposterior and reduced in
anterior domains (Fig. 4C'). The treatment with BMP2 led to
upregulation of the posterior expression domain of Bmp2/4
(Fig. 4A'') and Vent1 (Fig. 4B'') and to upregulation of the anterior
expression domain of the Hex gene (Fig. 4C''). These results
indicate that although Bmp signaling is required for proper
differentiation of ventral, posterior as well as anterior endoderm,
ventral and posterior endodermal fate is more sensitive to the
Bmp signaling knockdown. The expression of notochord marker
Brachyury was not signiﬁcantly changed in the embryos treated
with the low dose of DM (Fig. 4D') as compared to the control
embryos (Fig. 4D). In contrast, BMP2 treatment resulted in the
upregulation of Brachyury in the posterior mesoderm (Fig. 4D''). In
summary, our results indicate the requirement of Bmp signaling
for the cell fate determination mainly in ventral and posterior
domains of amphioxus late neurula. In addition, our data suggest
that the use of low DM doses, likely causing only partial inhibition
of Bmp signaling, allows bypass of the early “strong” phenotypes.
Inhibition of Bmp signaling leads to the expansion of neural plate
markers in amphioxus
In vertebrates, downregulation of Bmp signaling is absolutely
required for the establishment of neural fate of embryonic cells
(Marchal et al., 2009). Similarly to vertebrates, the dorsal ectoderm
in amphioxus differentiates into neural plate during gastrulation.
To test whether more effective inhibition of Bmp signaling (using
20 mM DM) may cause alterations of the neural cell fate establish-
ment in amphioxus we examined the expression of early neural
plate markers, Brn1/2/4, SoxB1a and SoxB1c genes (Candiani et al.,
2002; Holland et al., 2000; Meulemans and Bronner-Fraser, 2007)
at early hatching neurula stage. Treatment with 20 mM DM at early
blastula stage resulted in the expansion of the SoxB1a gene into
the dorsal ectoderm and in its ectopic expression in non-neural
ectoderm throughout the embryo (compare Fig. 5A and B;
Supplementary Fig. S2). In the case of Brn1/2/4 we did not detect
strong local upregulation following DM treatment, but instead, the
expression of the Brn1/2/4 gene expanded within the embryo
without apparent establishment of the neural plate domain
(compare Fig. 5C and D). We also observed upregulation of SoxB1c
manifested by the expansion of the signal and by the elimination
of the gap between anterior and posterior expression domains
(compare Fig. 5E and F) at early neurula stage. In contrast, the
marker of non-neural ectoderm AP-2 was downregulated in the
embryos treated with the inhibitor of Bmp signaling (compare
Fig. 5G and H). Taken together, our results indicate that inhibition
of Bmp signaling results in the expansion of neural fate and the
constriction of epidermal fate in the ectoderm of amphioxus
embryo, and are thus consistent with an ancestral role of Bmp
signaling in the chordate neural cell fate determination.
Positive feedback loop within the Bmp signaling GRN functions during
gastrulation in medaka and amphioxus
Quadruple knockdown of Bmp2, Bmp4, Bmp7 and Admp in
Xenopus resulted in ubiquitous central nervous system formation
(Reversade and De Robertis, 2005). Our analysis of neural plate
speciﬁc marker genes in DM-treated embryos indicated that in
amphioxus, similarly as in vertebrates, the inhibition of Bmp
signaling leads to the expansion of neural plate borders. In
zebraﬁsh, mutations in Bmp2b and Bmp7 genes are manifested
by strong dorsalized mutant phenotypes and lead to the down-
regulation of Bmp2b and Bmp4 in ventral and lateral regions
(Nguyen et al., 1998), suggesting that in vertebrates Bmp auto-
activation is required for maintaining the ventral and lateral non-
neural cell fate during gastrulation. The data from Xenopus and
zebraﬁsh allowed us to hypothesize that treatment of vertebrate
medaka embryo with DM should result in the reduction of Bmp4
expression. This would (i) provide more evidence for a universal
use of Bmp positive feedback loop among vertebrates, and (ii)
allow a direct side by side comparative analysis of the underlying
GRN between amphioxus and medaka. Indeed, treatment of
medaka embryo with 20 mM DM at early blastula stage led to
strong suppression of the Bmp4 level in medaka embryo at mid-
gastrula stage (Fig. 6A and B). Another member of the Bmp family,
Admp, known to have ventralizing activity in Xenopus (Dosch and
Niehrs, 2000; Moos Jr. et al., 1995) and zebraﬁsh (Lele et al., 2001;
Willot et al., 2002), despite being expressed in the dorsal gastrula
organizing center, was expanded in DM-treated embryos as
compared to controls (Fig. 6C and D). In contrast, Chordin was
strongly upregulated and expanded in lateral and ventral domains
of embryos exposed to 20 mM DM (Fig. 6E and F). We then
investigated whether the Bmp signaling positive feedback loop is
also part of GRN in the basal chordate amphioxus. Analysis of
Bmp2/4 and Bmp5/8 expression in embryos treated with 20 mM
DM from early blastula stage revealed that indeed, Bmp signaling
positive feedback loop functions during amphioxus gastrulation.
The expression of Bmp2/4 was downregulated in embryos inhib-
ited in Bmp signaling (Fig. 7A and B; Supplementary Fig. S2). In
contrast to medaka Bmp4, however, the expression of amphioxus
Bmp2/4 was almost not affected in endomesoderm but instead
was most conspicuously reduced in the ectoderm that is best seen
using blastopore view of the embryos (Fig. 7C and D). The Bmp5/8
gene, expressed in the endomesoderm of control embryos
(Fig. 7E), was strongly downregulated in the emryos administrated
to DM (Fig. 7F). We next examined the expression of amphioxus
Admp that is expressed dorsally (Fig. 7G), similarly as its verte-
brate orthologs, thus matching the pattern of organizer-speciﬁc
genes Chordin and Goosecoid during gastrulation (Yu et al., 2007).
Inhibition of Bmp signaling by DM resulted in slight expansion of
an anterior Admp expression domain; signiﬁcantly, no expansion
of a dorsal domain of Admp was detected (Fig. 7H). Since it was
recently shown that Nodal and Bmp signaling have the opposite
role in axial patterning of an amphioxus embryo (Onai et al., 2010),
we were interested to see whether inhibition of Nodal signaling
leads to a change in the expression of Bmp2/4 and Admp. When
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Nodal signaling was inhibited at early blastula stage using chemi-
cal inhibitor SB505124, widespread ubiquitous expression of
amphioxus Bmp2/4 as well as Bmp signaling target genes Vent1
and Vent2 was detected (compare Fig. 7I and J, M and N and O and
P). These results indicate that Nodal signaling is not required for
initiation of Bmp2/4 expression like it was shown in the case of sea
urchin (Lapraz et al., 2009) but instead, it is necessary for correct
spatial patterning of the Bmp2/4 in amphioxus. In contrast, we
observed complete downregulation of dorsally expressed Admp in
the embryos treated with the inhibitor of Nodal signaling (com-
pare Fig. 7K and L). Combined, our data provide evidence for the
presence of a positive feedback loop within the Bmp signaling GRN
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in medaka and amphioxus, which is indicative of an ancestral
character of this mechanism in chordates.
The function of Vent genes in the Bmp autoactivation loop is not
conserved in chordates
Previous data indicated that, in vertebrates, Vent genes, which
are targets of Bmp signaling, are able to promote the expression of
Bmp4, thus enhancing the Bmp autoregulatory feedback loop
(Imai et al., 2001; Schuler-Metz et al., 2000). To study the
functional role of Vent genes as mediators of Bmp autoactivation
loop we performed overexpression studies in medaka and
amphioxus. Injection of in vitro produced mCherry mRNA into
eggs of both species demonstrated efﬁcient translation in devel-
oping embryos and no effect on normal development (Fig. 8A and
B). To conﬁrm that Vent-mediated activation of Bmp signaling is
indeed a general mechanism among vertebrates we injected
medaka one-cell stage embryo with medaka Vent mRNA. Consis-
tent with the data from other vertebrates, medaka Vent was able
to promote the expression of medaka Bmp4 at gastrula stage.
Speciﬁcally, Bmp4 expression was upregulated and spread into
the dorsal shield of medaka embryos (compare Fig. 8C and C').
In contrast, Chordin expression was reduced and restricted to the
most dorsal domain (compare Fig. 8D and D'). To investigate
whether a similar GRN architecture, which ensures a lock-down
mechanism for ventrolateral cell fate speciﬁcation, is present in
amphioxus, we injected amphioxus eggs with amphioxus Vent1
mRNA. It is interesting to note that microinjection of amphioxus
eggs with mRNA of the Vent1 gene, shown previously to be a
direct target of Bmp signaling (Kozmikova et al., 2011), manifested
in a ventralizing phenotype quite reminiscent of the phenotype
observed in embryos treated with BMP2 protein. In particular, at
the early neurula stage the Vent1-injected embryos were round
(Fig. 8E' and F') like the embryos that have undergone BMP2
treatment (Fig. 3C"–J"). At mid-neurula stage, Vent1-injected
embryos had a narrowed anterior domain as compared to the
enlarged posterior domain (Fig. 8G' and H'). This phenotype is
further consistent with the observation of headless amphioxus
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larvae, which developed as a result of treatment with BMP2 at
early blastula stage (Fig. 2E and F). However, in contrast to experi-
ments in medaka (this study) and other vertebrates (Imai et al.,
2001; Schuler-Metz et al., 2000), injection of amphioxus Vent1
mRNA into amphioxus egg did not promote dorsal expansion of
amphioxus Bmp2/4 but rather slightly repressed its expression at
early neurula stage (Fig. 8E and E'). The expression of Chordin was
reduced dorsally (Fig. 8F and F'), consistent with our previously
published data showing that amphioxus Chordin is a direct target
of Vent1 transcriptional repressor (Kozmikova et al., 2011). We
further investigated the expression of Bmp2/4 and Chordin in
Vent1-injected embryos at the late mid-neurula stage. As com-
pared to controls, Bmp2/4 expression was only slightly reduced in
Vent1-injected embryos (compare Fig. 8G and G'), whereas an
almost complete loss of Chordin expression was observed (com-
pare Fig. 8H and H'). These data further support the conclusion
that Vent1 does not activate Bmp2/4 in the basal chordate
amphioxus. To test whether the divergence in Vent activity is
due to a change in trans (evolution of Vent protein activity) or due
to the evolution of cis-regulatory sequences for Vent targets, we
analyzed the effect of overexpression of medaka Vent and
amphioxus Vent1 genes in the context of medaka embryo. The
microinjection of amphioxus Vent1 mRNA into medaka embryos
led to the downregulation of medaka Chordin expression (Fig. 8D")
like in the case of the injection of medaka Vent (Fig. 8D'). However,
endogenous medaka Bmp4 was not upregulated in the shield of
medaka embryos injected with amphioxus Vent1 mRNA (Fig. 8C")
as compared to the embryos injected with medaka Vent mRNA
(Fig. 8C'). These results suggest that the divergence in the Vent
activity is caused by evolution of Vent protein. It is important to
note that amphioxus Vent proteins do not show any signiﬁcant
sequence conservation with zebraﬁsh, medaka and Xenopus Vent
proteins outside of the homeodomain (data not shown). We have
previously shown that, in contrast to Xvent2 (Gao et al., 2007),
amphioxus Vent1 was not able to stimulate the Lef/Tcf-responsive
reporter gene in the same transcriptional assay (Kozmikova et al.,
2011), indicating that Vent1 does not possess a strong transactiva-
tion domain like its vertebrate orthologs. In summary, our data
suggest that although the positive feedback loop in the Bmp
signaling GRN is evolutionarily conserved among chordates, it is
mediated by distinct molecular mechanisms in basal chordates
and vertebrates.
Regulatory sequences of amphioxus Chordin, Admp and Bmp2/4
genes in the context of vertebrate embryo
Reports of successful transgenesis in amphioxus are scarce
(Beaster-Jones et al., 2007; Holland et al., 2008; Yu et al., 2004).
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This is largely due to the fact that the current method of
amphioxus transgenesis is inefﬁcient and the few transgenic
embryos obtained display a fairly high degree of mosaicism,
making interpretation of data less reliable. We have previously
shown that the promoters of amphioxus Vent1 and Vent2 genes
are correctly regulated in medaka embryo and that their spatio-
temporal activity is by large similar to the activity of orthologous
vertebrate promoter (derived from the Xvent2b gene) in the same
context (Kozmikova et al., 2011). Since we were not able to obtain
reliable reporter gene expression in amphioxus using the pre-
viously characterized amphioxus Vent1 gene promoter (data not
shown), we decided to employ the reliable and efﬁcient medaka
transgenesis in order to analyze putative regulatory sequences of
additional amphioxus genes, comprising the Bmp–Chordin path-
way. Furthermore, Yu et al. described high conservation of gene
expression patterns between amphioxus and vertebrates during
early development, suggesting the presence of an organizer in
chordates (Yu et al., 2007), allowing us to make precise predictions
about the areas of homology in the early embryos of amphioxus as
compared to medaka. In this work we investigated whether the
5'regulatory region (putative promoter) of amphioxus Chordin
gene, which is an early marker of vertebrate organizer, can be
activated in the shield of medaka. In addition, we also analyzed the
activity of putative promoters derived from amphioxus Admp and
Bmp2/4 genes. Corresponding EGFP or mCherry reporter-based
constructs (Fig. 9A–D) were injected into one-cell stage medaka
embryos and their spatio-temporal expression was monitored
during early medaka embryogenesis. Remarkably, the amphioxus
Chordin promoter was activated in the shield (Fig. 9E and E'),
precisely recapitulating the expression of endogenous chordin
during gastrulation (Fig. 9E"). The reporter gene driven by Admp
promoter was also active in the shield (Fig. 9F and F'), where the
endogenous medaka Admp gene is expressed. However, in con-
trast to medaka Admp, whose expression domain is located in the
posterior part of the shield at mid-gastrula stage (Fig. 9F"), the
amphioxus Admp promoter was activated along the entire shield
(Fig. 9F and F'), rather resembling endogenous expression of Admp
in amphioxus (Fig. 7G). Finally, we investigated whether the
putative regulatory sequences derived from amphioxus Bmp2/4
can be activated in a proper manner in medaka embryo. Interest-
ingly, amphioxus Bmp2/4 and vertebrate Bmp4 genes are structu-
rally organized in a similar manner, possessing the non-coding
ﬁrst exon followed by a relatively long (several kb) intron in front
of the ﬁrst coding exon. Intrigued by this conserved gene structure
we prepared a reporter gene construct, designated AmphiBmp2/4-
Long-Cherry, which included the ﬁrst intron in addition to the
5' regulatory region (Fig. 9C). The activity of AmphiBmp2/4-Long-
Cherry reporter was stronger in the ventrolateral domain than in
the dorsal domain (Fig. 9G and G'), resembling the endogenous
expression of medaka Bmp4 (Fig. 9G"). In order to see whether
some spatial or temporal regulatory information is indeed located
within the ﬁrst intron we prepared a construct, designated
AmphiBmp2/4-Short-Cherry, in which the intronic sequence was
deleted, leaving only about 800 base pairs of the 5' regulatory
region including the transcriptional start site (Fig. 9D). Interest-
ingly, this truncated reporter construct was activated at mid-
gastrula stage in the dorsal domain of medaka embryo, suggesting
that the intronic region contains an essential regulatory informa-
tion required for the expression of amphioxus Bmp2/4 in the
ventrolateral domain (Fig. 9H and H'). These results highlight the
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embryos are shown. White dashed line indicates position of the shield in medaka embryo.
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Fig. 9. Analysis of the regulatory sequences of amphioxus Chordin, Admp and Bmp2/4 genes in medaka embryo. Schematic representation of reporter gene constructs, containing
amphioxus Chordin (A), Admp (B) and Bmp2/4 (C and D) cis-regulatory sequences, that were used for transient transgenesis in the medaka embryo. Transient expression of EGFP in
medaka embryos injected with the AmphiChordin-EGFP construct examined under bright ﬁeld (E) and bright ﬁeld merged with ﬂuorescence (E′) was seen in the dorsal shield of early
medaka gastrula and recapitulated the expression pattern of medaka Chordin (E′′). Transient expression of Cherry in medaka embryo injected with AmphiAdmp-Cherry (F and F′),
AmphiBmp2/4-Long-Cherry (G and G′) and AmphiBmp2/4-Short-Cherry (H and H′), examined under bright ﬁeld (F, G, H) and bright ﬁeld merged with ﬂuorescence (F′, G′, H′). The
expression of Cherry driven by the amphioxus Admp cis-regulatory sequence was visible throughout the dorsal shield of the embryo at mid-gastrula stage (F and F′). (F′) The
expression of endogenous medaka Admp. The AmphiBmp2/4-Long-Cherry reporter gene was active in the ventrolateral domain of the medaka embryo (G and G′) and recapitulated
the expression pattern of endogenous medaka Bmp4 gene (G′′). In contrast, microinjection of AmphiBmp2/4-Short-Cherry resulted in dorsal expression of Cherry (H and H′). The
embryos injected with the promoter-less Cherry reporter gene construct exhibited no ﬂuorescence (I and I′). All embryos are in lateral view. White dashed line indicates position of the
shield in medaka embryo.
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importance of intronic regulatory sequences for correct spatial
regulation Bmp2/4 gene and indicate a complexity of Bmp2/4 cis-
regulatory logic. We further characterized the cis-regulatory mod-
ules of amphioxus Chordin, Admp and Bmp2/4 genes in the
context of vertebrate embryo. The medaka embryos injected with
AmphiChordin-EGFP, AmphiAdmp-Cherry and AmphiBmp2/4-
Long-Cherry were subsequently treated with BMP2 or DM at early
blastula stage and analyzed at mid-gastrula stage. Similarly to
endogenous genes in amphioxus (Fig. 3D and D') or medaka
(Fig. 6E and F), reporter gene driven by regulatory sequence from
amphioxus Chordin was upregulated in the embryos treated with
DM (compare Fig. 10A, A' and B, B'). Conversely, the treatment with
BMP2 led to the downregulation of the AmphiChordin-EGFP
activity (compare Fig. 10A, A' and C, C'). Likewise, the activity of
AmphiAdmp-Cherry was increased in DM-treated embryos (com-
pare Fig. 10D D' and E-E') and downregulated in BMP2-treated
embryos (compare Fig. 10D D' and F-F'). In the case of
AmphiBmp2/4-Long-Cherry construct we observed weakening of
the signal in the embryos treated with the inhibitor of Bmp
signaling DM as compared to the controls (compare Fig. 10G, G'
and H, H'). The treatment with BMP2 resulted in the expansion of
the reporter activity driven by amphioxus Bmp2/4 regulatory
sequence into the dorsal shield of medaka embryos (compare
Fig. 10G, G' and I, I'). We did not observe any signal in the embryos
injected with the promoter-less Cherry reporter gene (Fig. 10J–L').
Taken together, our analysis of the gene regulatory sequences of
amphioxus Chordin, Admp and Bmp2/4 genes in the context of
vertebrate embryo provides another level of evidence for the deep
evolutionary conservation of underlying GRN between vertebrates
and invertebrate chordates.
Discussion
A positive autoregulatory feedback loop in Bmp signaling as
a lockdown of early cell fate speciﬁcation in axial patterning
of bilaterians
Cell fate determination as a function of a spatiotemporal gene
expression is thought to be the essential principle of development.
Before the cells reach their ﬁnal commitment they usually pass
through many intermediate states, which can be reversible or
irreversible. In terms of gene regulatory network the irreversible
state is provided by lockdown mechanisms (Davidson, 2010). One of
the common lockdown mechanisms is described as a positive feed-
back loop or dynamic feedback lockdown subcircuit (Davidson, 2009)
that provides the irreversibility of the cell fate. To separate multi-
cellular domains within the embryo it is necessary to create a border
between two cell fates located side by side. In terms of the GRN logic
it is suggested that two irreversible cell states have to repress each
other (Peter and Davidson, 2011). It is obvious that such mechanism
is present during early development of vertebrate dorsal and ventral
domains in the form of Bmp/Chordin network. For the ventral
domain speciﬁcation, Bmp signaling promotes ventral speciﬁc and
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Fig. 10. The embryos injected with AmphiChordin-EGFP (A–C′), AmphiAdmp-Cherry (D–F′), AmphiBmp2/4-Long-Cherry (G–I′) constructs and the promoter-less Cherry
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embryos (H and H′) as compared to controls (G and G′). The treatment with BMP2 led to the downregulation of reporter genes driven by amphioxus Chordin (C and C′) and
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medaka embryo.
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suppresses organizer speciﬁc genes in the vertebrate embryo
(Kishimoto et al., 1997; Nguyen et al., 1998; Weaver and Kimelman,
2004). The Bmp positive feedback loop apparently serves as one of
the mechanisms providing a high level of Bmp signaling and it plays
an important role in the lockdown of cell fate. In zebraﬁsh, both
Bmp2b and Bmp7 are required for the maintenance of Bmp2b, Bmp7,
and Bmp4 expression in ventral regions of developing embryos
(Kishimoto et al., 1997; Schmid et al., 2000). Bmp4 can activate its
own expression in Xenopus overexpression experiments (Jones et al.,
1992). In this study we have shown that inhibition of Bmp signaling
by dorsomorphin reduces the level of Bmp4 expression in medaka.
Using the same approach we also provide compelling evidence that
Bmp signaling is required for the maintenance of Bmp2/4 and Bmp5/8
expression during gastrulation in a basal chordate amphioxus. In
addition, inhibition of Bmp signaling leads to the upregulation of
dorsal and neural plate speciﬁc genes.
It was shown that amphioxus protein Chordin is in biochemical
terms functionally equivalent to vertebrate Chordins and that
morpholino-based knockdown of Chordin leads to transcriptional
upregulation of Bmp2/4 at late gastrula stage (Onai et al., 2010).
These data are consistent with our study showing the presence of
positive feedback loop in the transcriptional regulation of
amphioxus Bmp2/4 and Bmp5/8. The Bmp signaling positive
feedback loop may play a key role in the establishment of mutually
exclusive Bmp/Chordin expression pattern and, thus, in the for-
mation of the border between dorsal and ventral domains. In the
chordate embryo, a border is created between the high and low
level of Bmp signaling activity gradient, providing the possibility
for ectodermal and endomesodermal domains to adopt distinct
cell fates. It is likely that the difference between the two domains
and sharpness of the border would be dependent on the strength
of additional secondary positive feedback loops. In vertebrates,
one additional positive feedback loop exists in the form of Vent
genes, which were shown to be direct targets of Bmp signaling in
Xenopus (Henningfeld et al., 2000; Rastegar et al., 1999) and at the
same time activators of Bmp genes (Schuler-Metz et al., 2000). In
zebraﬁsh, mutational analysis and loss-of function experiments
indicated that Vox and Vent genes are required for maintaining
Bmp4 and Bmp2 expression (Imai et al., 2001). Here we show that
the upregulation of Bmp4 expression in medaka is stimulated by
medaka Vent mRNA microinjection. We have previously shown
that similarly to Xenopus Xvent-2 gene promoter, promoters of
amphioxus Vent1 and Vent2 are Bmp-responsive (Kozmikova
et al., 2011). Here we conﬁrmed our previous data by showing
decreased expression of Vent1 and Vent2 in amphioxus embryos
treated with an inhibitor of Bmp signaling. Our gain-of-function
experiments suggest that Vent1 can repress Chordin but is not
able to activate Bmp2/4 expression at gastrula and neurula stages
of amphioxus. These results imply a modiﬁcation of GRN archi-
tecture in basal chordates as compared to vertebrates (Fig. 11C and
D). We hypothesize that the differences in the system of one
additional positive loop could result in the establishment of
ventrolateral gradient of the Bmp signaling level, which is slightly
distinct in vertebrates and basal chordate amphioxus. In particular,
since Vent1 is expressed in the neural plate border region in
amphioxus (Fig. 3F) and Xvent-2 is expressed in neural plate
borders in Xenopus (Martynova et al., 2004), this difference in gene
regulation, elicited by a change in GRN architecture (such as
modiﬁcation of a subcircuit), might be responsible for the differ-
ences in the cell commitment of amphioxus border region versus
vertebrates. As was shown previously, even small differences in
the patterning and level of Bmp signaling have profound effects on
cell differentiation in Drosophila neural ectoderm border region
(Peluso et al., 2011). It is interesting to note that the positive
feedback loop of Bmp2/4 is also present in ecdysosoa (Biehs et al.,
1996; Mizutani and Bier, 2008), which possess a centralized
nervous system.
Reminiscent of the early development of amphioxus, during
gastrulation of cnidarian Nematostella the two-layered gastrula is
developed (Kraus and Technau, 2006; Magie et al., 2007). How-
ever, in contrast to amphioxus, the two well-separated domains
with neural or non-neural cell fate are not present in Nematostella
embryo at the end of gastrulation (Marlow et al., 2009). It was
shown that the Bmp negative feedback loop is present during early
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Nematostella development. As a consequence, Nematostella Chor-
din, which is an inhibitor of Bmp signaling at the protein level
(Rentzsch et al., 2006), works as a transcriptional activator of Dpp
in a double negative loop (Saina et al., 2009) (Fig. 11A). Further-
more, it is obvious that any anti-Bmp secreted protein modulator
will have the same effect on the transcriptional readout in
Nematostella GRN. In terms of GRN logic, activation of Dpp and
Bmp5/8 by Chordin might be responsible for their partial co-
expression. Such conditions do not allow cells to separate their
fate early into two distinct domains, which results in the absence
of a clear division of the ectoderm into neural and non-neural
during gastrulation of Nematostella. We therefore speculate that
during evolution the emergence of the Bmp signaling positive
feedback loop led to the establishment of a molecular platform
(GRN architecture) for the development of centralized nervous
system (Fig. 11A, C and D).
The nervous system of another basal deuterostome, sea urchin,
has the nerves organized into a highly restricted pattern within
the ectoderm forming the so-called ciliary band ring. It has also
been argued that the nervous system of sea urchin is diffuse
during development (Angerer et al., 2011). Similarly to vertebrates
and amphioxus, one of the main conditions required for establish-
ment of neural cell fate in the ciliary band is a low level of Bmp
signaling (Angerer et al., 2000; Bradham et al., 2009). In contrast
to chordates and insects, sea urchin Bmp2/4 does not activate itself
during early development (Fig. 11B) (Saudemont et al., 2010). As in
the case of Nematostella, sea urchin Chordin and Bmp2/4 are co-
expressed in the ventral ectoderm of the embryo that is consistent
with a proposed GRN logic (Bradham et al., 2009; Lapraz et al.,
2009; Saudemont et al., 2010). Although additional specialized
lineage-speciﬁc mechanisms are utilized in the sea urchin embryo
to translocate Bmp signaling activity to the dorsal domain of the
embryo (Lapraz et al., 2009), the most ventral domain, which
serves as a source of Bmp2/4, is not fated into neural fate
(Saudemont et al., 2010). The co-expression of Chordin and
Bmp2/4 in the ventral ectoderm of sea urchin is also promoted
by Nodal, which is not required for the expression of amphioxus
Bmp2/4 (this study) and was not found in Nematostella. It seems
that the positioning of the nervous system dorsally in chordates
depends greatly on the factors that suppress BMP signaling,
suggesting a key role of the positive feedback loop in the process
of centralization. To better understand the evolution of nervous
system centralization it would be interesting to ﬁnd out what
initial signals are required for Bmp2/4, Bmp5/8 and Chordin
expression in the early cnidarian embryo.
Conservation of cis-regulatory sequences in genes patterning early
chordate embryo
Cis-regulatory sequences represent the summary of regulatory
information required for the spatio-temporal pattern of the
corresponding genes. That is why cross-species transgenesis of
the regulatory elements provides the information about the
conservation of several regulatory inputs and together with
comparison of expression patterns may serve as a useful approach
to identify the ancestral characters. Recently, some data were
published revealing deep conservation of cis-regulatory sequences
(Ochi et al., 2012; Royo et al., 2011). It is interesting to note that the
regulatory regions identiﬁed in amphioxus so far have been
localized close to the 5'end of the gene (Beaster-Jones et al.,
2007; Kozmikova et al., 2011; Yu et al., 2004). Here we found that
only short 5' regulatory regions of amphioxus Chordin, Admp and
Bmp2/4 are sufﬁcient for correct spatio-temporal activation in the
medaka early embryo. It is likely that due to a smaller genome size
of amphioxus as compared to vertebrates its cis-regulatory regions
are generally located in close proximity to the corresponding
genes. We have shown that the cis-regulatory elements of
amphioxus organizer speciﬁc genes Chordin and Admp drive the
expression of the reporters into the organizer region of medaka
embryo. We observed that the spatial activity of the cis-regulatory
sequence of amphioxus Bmp2/4 is largely similar to that of
endogenous Bmp4 and the spatial activity of the reporter gene
driven by amphioxus Chordin is identical with the expression
pattern of its endogenous counterpart in medaka organizer. These
data suggest remarkable conservation of regulatory input of both
these genes. The activity of the amphioxus Admp promoter in the
anterior and posterior dorsal midline is more reminiscent of
endogenous expression of the gene in amphioxus embryo. Like-
wise, the promoter of amphioxus FoxD was shown to be active in
the chicken embryo in similar regions, where the gene is
expressed in amphioxus but not in the expression domains of
endogenous chicken FoxD (Yu et al., 2002). It is important to note
that the expression pattern of medaka Admp, which is detected in
the posterior dorsal domain of the shield, is different from the
amphioxus, Xenopus and zebraﬁsh counterparts, which are all
expressed in anterior and posterior dorsal midline (Lele et al.,
2001; Moos Jr. et al., 1995; Yu et al., 2007). Our study demon-
strated that the regulation of the cis-regulatory sequences of
amphioxus Bmp2/4, Chordin and Admp genes with Bmp signaling
in the context of medaka embryo is reminiscent of the regulation
of endogenous genes in medaka and amphioxus. Thus, we provide
additional evidence that the mechanisms underlying axial pattern-
ing of amphioxus and vertebrate gastrula are highly evolutionarily
conserved. Further detailed investigations of GRN together with
cell fate tracing in the cephalochordate embryo and other deuter-
ostomes may uncover the ancestor state and at the same time
reveal some features that are responsible for the differences in the
establishment of cell fates in diverse animal lineages.
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